A control system, developed at the University of Minnesota to facilitate research into preventing run-offtheroad accidents, is described and experimental results are presented. This system controls the steering, throttle and brakes of a class 8 truck tractor using differential GPS as the sole position sensor. Using this system the truck was able to automatically maintain proper position in its lane at speeds of up to 80 kph on straight roads and to negotiate curves with a radius of 85 m at slower speeds. These limits were due to the test track constraints and not to the methodology. One potential application is then described. This application attempts to sense the driver falling asleep, and then actively intervenes by pulling the truck over to the side of the road and bringing it to a safe stop.
Introduction
The research described in this study involves the lateral (steering) and longitudinal (throttle and braking) control of a full size truck tractor. The primary position sensor we use is a Differential Global Positioning System (DGPS) receiver. The motivation for this work is the fact that, according to the National Highway Traffic Safety Administration's Fatality Analysis Reporting System, one fourth of all 1997 fatalities in the United States were the result of single vehicle run-off-the-road crashes where the driver has either fallen asleep or lost control for some other reason. Our goal is to reduce this rather substantial number by the development of driver assistive technologies that reduce driver stress and fatigue. These technologies must adapt to the human driver, take advantage of what humans do well and fill in to compensate for human limitations. Furthermore, these systems must ultimately be of reasonable cost, must be demonstrable on actual highways within three to four years and deployable on a large scale within ten years. The work by Bajikar [Bajikar et al. 971 and of Morellas [Morellas et al. 971 have demonstrated that the levels of accuracy needed to achieve lane keeping by using differential GPS are now possible. The availability of high accuracy GPS technology is growing while ita cost continues to drop. Furthermore, we believe that heavy vehicles represent the ideal platform for initial demonstration of driver assistive technology given the nature of long haul trucking. Enhancing truck safety is likely to lead to a quicker return on investment than for other vehicle platforms, especially for crashes due to lane departure which is more prevalent on rural roads than urban highways. We are working on various aspects of developing high fidelity heads-up displays and haptic feedback through the steering wheel to assist the driver in lane keeping. However, there are times when the driver is no longer able to maintain vehicle control. In such an event, it is necessary that on-board systems be capable of taking over vehicle control at least for short periods of time until a safe area on the side of the road is available for bringing it to a stop. The purpose of this paper is to demonstrate and experimentally verify that this is indeed possible using differential GPS.
We will discuss the various subsystems which were integrated for this experiment including lateral and longitudinal control algorithms and the final experiment demonstrating active intervention triggered by on-board monitoring of a driver confidence factor based on vehicle behavior.
The vehicle we are experimenting with is a full sized (class 8) truck tractor (a Navistar 9400) designed to pull a semitrailer hauling freight over long distances. We will refer to this vehicle as SAFETRUCK. It is a conventional truck tractor layout with one steering axle in front and two tandem load carrying axles with dual wheels in the rear.
In the work described here, we assume the truck is alone on the road. Other related research on radar and GPS communication presently underway in our group would address the issue of collision avoidance with other vehicles on the road.
The goal for the work described in this paper has been to develop a basic control system using a minimal cost suite of sensors and the simplest control algorithms possible. For this reason there is no inertial measurement system included here.
Longitudinal Control
This section describes the control of throttle and braking systems on the SAFETRUCK experimental testbed. There are two goals we wish to accomplish here. First of all we need to be able to regulate velocity when the SAFETRUCK has assumed automatic control and is in the process of "searching"' for a safe place to park and when it subsequently pulls over to the side of the road and stops. The second objective is to develop low level hardware and software that can be used by collision avoidance algorithms such as the virtual bumper [Schiller et al. 981 . In both cases the quantity directly controlled by the system we describe here will be the longitudinal velocity, not the longitudinal position, of the truck. [Hedrick et al. 911 describe a nonlinear throttle and brake controller designed using a multiple surface sliding control method. In simulations of a two car platoon the controller kept the spacing error to within 4 cm. Simulations of a four car platoon revealed that the spacing error was amplified toward the rear of the platoon. This problem was remedied by communicating the lead car's velocity to the rest of the platoon and using it as a feedforward term in their controllers. This strategy resulted in attenuation of the spacing errors rather than amplification. In [Rajamani et al. 981 a high level sliding surface controller similar to the one above was augmented with a low level controller designed using feedback linearization techniques. This low level controller utilized an experimentally derived map that used manifold pressure and engine speed to predict the engine torque for a given throttle setting. The resulting controller was successfully used at the National Automated Highway Systems Consortium demonstration in San Diego in August 1997, where it controlled a platoon of eight passenger cars performing maneuvers typical of those required on an automated highway system. [Fancher et al. 931 used typical tractor-semitrailer parameters to simulate a proportional-integra1 (PI) throttle controller maintaining headway. No brake control was attempted. The simulation showed that the PI controller performed adequately for gross vehicle weights from 30,000 lb to 80,000 lb.
Previous Work
More recently, researchers at UCLA have investigated the problems associated with controlling heavy vehicles that have delays in their brake actuation systems. Due to the long distance the pneumatic control signal has to travel to get to the valve that controls the rear brakes on a semitrailer, there is a pure time delay of about 200 milliseconds followed by a roughly first order lag with a rise time of about 300 milliseconds.
In order to accommodate the actuation lag in the air brake system panakiev and Kanellakopoulos 97a] present an adaptive backstepping controller. They further enhanced their controller in [Yanakiev and Kanellakopoulos 97b] by adding a first order linear model, to approximate the vehicle dynamics, which functions as a predictor of the 'We expect that a digital map on board the vehicle would be used to identify such safe areas for pulling off the road errors in velocity and intervehicle spacing.
Throttle
There are two reasons why a large part the longitudinal control literature is not pertinent to the work reported in this paper.
First, we do not currently have the ability to sense any of the internal states of the engine and the automatic transmission that would enable us to utilize an analytical longitudinal model of the Navistar's dynamics. In the future we hope to upgrade and then gain access to the vehicle data bus, which should at least let the control computer determine which gear the transmission is in. This information along with the sensing of manifold pressure, etc. will enable us to design a more sophisticated throttle controller.
Second, most of the recent work done in the field of longitudinal vehicle control concentrates on the difficult problem of maintaining stability in a platoon of several vehicles traveling at high speed with very small intervehicle spacing. Since the focus of this paper is on controlling the speed of a single vehicle, we have a much simpler problem to solve.
In spite of some significant nonlinearities (arising from the fact that the Caterpillar 3406B PEEC engine and the Allison automatic transmission in the Navistar 9400 have some internal control algorithms of their own) a slightly modified proportional-derivative (PD) control algorithm with a feedforward term does an adequate job of tracking velocity commands. The modification involves the derivative term which we compute from the change in velocity of the truck from one sampling period to the next, rather than from the change in the velocity error between two samples as is typical for a PD controller. This minor modification eliminates a quick burst of throttle when there is a step increase in the velocity command. The throttle control loop runs at the same speed as the DGPS system, nominally 5 Hz. We have also placed a maximum limit on throttle position of 50% since most of our experiments are done without a trailer attached and half throttle is more than enough.
Brakes
The air brakes installed on modern heavy duty trucks are sophisticated and complex pneumatic systems that reliably convert air pressure into the mechanical force required to quickly decelerate many tons of rolling machinery. In order to actuate the brake system automatically without interfering with its manual operation we have added a linear actuator that pulls a cable attached to the back of the brake pedal. The linear actuator consists of an electric motor driving an acme threaded screw. Although this setup avoids having to modify the internals of the factory supplied brake system (and incurring the attendant liability), it has the disadvantage of introducing a large amount of stiction into the system that makes precise positioning of the brake pedal difficult. The most successful method we found to compensate for this stiction was to use an outer control loop that sends step commands to an inner PD loop that does the positioning. The outer loop is, like the throttle controller, synchronized with incoming DGPS position data at a nominal 5 Hz. This outer loop compares the velocity command with the velocity computed from DGPS position data and, based on the difference between them, picks a brake position command out of a small table. This position command is sent to the inner brake control loop. The inner loop is a normal PD loop where the derivative term is a gain multiplied by the error between commanded and actual brake pcr sition. Since the outer loop sends a position command that changes in fairly large discrete steps, the derivative term generates a voltage spike at each new commanded position that helps "kick" the actuator into motion.
Integrating the Throttle, Brakes and Transmission
Figure 1 shows a block diagram of the combined throttle and brake controller. In order to assure that the brake and the throttle are not both on at the same time, the lookup table in the outer brake control loop will not activate the brakes until the velocity command is at least 3 mph less than the sensed speed of the vehicle. Another nonlinearity that the lookup table must accommodate is the fact that the transmission and torque converter create a strong forward force when the velocity is close to zero and the transmission has shifted into first gear. Since we currently can not directly override the automatic transmission, the brake position must be increased beyond that required to slow the truck from higher speeds in order to bring the truck to a complete stop. 
Lateral Control
Once again we stress that the objective of the lateral control system presented here was to demonstrate what is possible with a minimal suite of sensors. There is therefore, no attempt to incorporate a yaw rate gyro into the system. After a brief review of related work done by other researchers in the field we will discuss the steering control algorithm.
Previous Work
As is the case for longitudinal control, [Shladover 951 gives a comprehensive overview of the research done prior to 1995. [Peng and Tomizuka 901 describes their use of frequency-shaped linear quadratic (FSLQ) control theory with the addition of a feedforward term. The FSQL feedback loop design method explicitly includes the ride quality as a performance index. In this paper they use a simple feedforward calculation that does not include preview of the road curvature ahead.
In [Peng and Tomizuka 931 they add preview of the road ahead by combining the curvature of the approaching road with the superelevation of the lane to form an "effective curvature" and solve the linear quadratic control problem that minimizes the effect that the disturbance from the effective curvature creates. Most of the results in this paper are presented as simulations, but they do mention that experiments show that the vehicle cannot track the lane without preview.
In [Pham et al. 941 PATH supported work at Berkeley combined the lateral and longitudinal control of vehicles using a nonlinear method called surface shaping. Their simulations showed good tracking performance with the claim that minimal tuning of the control parameters was required.
Look-down reference controllers without preview are analyzed in [Guldner et al. 961 . This paper provides an excellent overview of the lateral control problem. They conclude that a look down controller will not be able to control a vehicle at highway speeds. In a subsequent paper [Patwardhan et al. 971 some of the same authors reiterate the limitations of lookdown controllers at higher speeds and propose a virtual drag link controller that is essentially the same idea as the pursuit algorithm porellas et al.
971.
In simulations of the lateral control of a wire guided commuter bus, [Ackermann and Sienel 901 proposed sensing the yaw rate of the bus with a gyro and feeding it back to the controller. Their analysis showed that the resulting control system was more robust to changes in mass and velocity than the fixed gain controller they started with. Experiments with the SAFETRUCK have also demonstrated the stabilizing effect of yaw rate feedback from a gyro porellas et al. 971.
The Pursuit Algorithm with an Additional Damping Term
The principle of the pursuit algorithm is very simple: find a point on the desired path a specified distance ahead of the vehicle and turn the front wheels to point in that direction. The geometry of the pursuit algorithm. The idea is very simple, just point the front wheels at the pursuit point which lies on the desired path ahead of the truck.
Based on experiments using a pure pursuit algorithm as a lateral controller and calculating the heading of the truck and the bearing to the pursuit point from DGPS sensed position data, we found that additional damping terms were needed to keep the system stable at highway speeds. We use two more terms in our lateral controller to provide this damping. The first is a standard derivative term calculated from the lateral velocity of the truck with respect to the center of its lane. This lateral velocity is computed from successive DGPS position readings. The second term uses the position of the steering wheel to infer the radius of the arc that the truck is following. When lateral deviations are small, this arc has an instantaneous center that is approximately at a right angle to the road from the current position of the truck and can therefore be used as an estimate of the truck's lateral acceleration across its lane. Figure 3 shows a block diagram of the lateral control system. The damped pursuit algorithm acts as the outer control loop while an inner PD loop is closed on the position of the steering wheel. Various limits are placed on the both the position of the steering wheel and the amount of force generated by the steering motor. Figure 4 shows the results of an experiment in which the truck was driven down a straight road at speeds between 15 and 40 mph. In other experiments we have reached speeds up to 50 mph which is as fast as we can go in the limited space we have available on our test track. Figure 5 shows the truck negotiating a sharp set of S curves (the radius of the curves is 85 m.)
An Application: Active Intervention
One of the initial objectives of the SAFETRUCK program was to monitor the performance of a driver in an unobtrusive manner and, if it becomes apparent that he or she is not in control of the truck then the control system would take over and pull the truck over to the side of the road and stop at the next safe parking place. Deciding whether or not a driver is alert and competently in control of the vehicle is a difficult problem that will require a significant amount of human factors r e search before a reasonably accurate and reliable method is developed. One possible method, and one that we will pursue here, is the result of recent work done in this field by MacInnis Engineering Associates Ltd in British Columbia, Canada [Siegmund et al. 961 . In a controlled environment on a test track they recorded the pattern of steering wheel movement for seventeen sleep deprived drivers, some of whom actually fell asleep at the wheel. They found a significant increase in both the amplitude and speed of steering wheel movement in the minutes before the driver loses consciousness. We will describe here a qualitative demonstration of this method that will trigger the control system to pull over and stop when the steering input becomes too uneven.
In order to accomplish this task we need to sense the slowly increasing tendency of the driver to make slightly larger and faster steering corrections while at the same time ignoring the occasional quick steering inputs that are a part of normal driving. To do this we send the absolute value of the steering wheel position, sensed at a rate of 30 Hz, through a low-pass filter with a low enough cut-off frequency so that fast but infrequent steering motions are more or less ignored.
To compute a number that represents the confidence that the system has in the driver, we first determine experimentally what the output of the filter is during normal driving. We then subtract that value (that represents normal steering wheel movements) from the output of the filter and then subtract that result from a number representing 100% confidence in the driver's alertness. The higher the output from the filter the lower the confidence our system has in the driver. At some low level of confidence, the system takes over and parks the vehicle.
The results of a pull over and stop experiment are shown in figure 6. For the purposes of this demonstration we have chosen some rather arbitrwy values for the filter coefficient and the confidence value that triggers the pull over and stop manuever. Much more research needs to be done on the human factors involved before we can design a system for general use in the real world.
Summary and Conclusions
We have demonstrated that it is possible to control a vehicle laterally and longitudinally using DGPS as the only sensor of vehicle position. One preliminary application developed here uses this technology to demonstrate how such a system might be used to prevent run off the road accidents. At this point we see no reason why the controllers we have implemented will not work at high-1 s,
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Figure 6: SAFETRUCK responding to a loss of confidence in the performance of the driver. After the confidence factor drops to 0.1 in the top graph, the pullover-and-stop maneuver is triggered and the truck slows down, pulls over to the shoulder and stops as shown in the bottom graph.
way speeds, but all the experiments we have done to date have been on a test track at lower speeds. Work is in progress to deal with the problem of loss of satellite lock when passing under bridges. This will require an inertial measurement unit using a rate gyro and accelerometers to guide the truck until DGPS lock is reacquired. The SAFETRUCK therefore, is still a work in progress.
